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SUMMARY

In support of the Nuclear Energy Advanced Modeling Simulation Safeguards and Separations (NEAMS
SafeSep) program, the Idaho National Laboratory (INL) worked in collaboration with Los Alamos
National Laboratory (LANL) to further a modeling effort designed to predict mass transfer behavior for
selected metal species between individual dispersed drops and a continuous phase in a two phase liquid-
liquid extraction (LLE) system. The purpose of the model is to understand the fundamental processes of
mass transfer that occur at the drop interface. This fundamental understanding can be extended to support
modeling of larger LLE equipment such as mixer settlers, pulse columns, and centrifugal contactors.

The work performed at the INL involved gathering the necessary experimental data to support the
modeling effort. A custom experimental apparatus was designed and built for performing drop contact
experiments to measure mass transfer coefficients as a function of contact time. A high speed digital
camera was used in conjunction with the apparatus to measure size, shape, and velocity of the drops. In
addition to drop data, the physical properties of the experimental fluids were measured to be used as input
data for the model. Physical properties measurements included density, viscosity, surface tension and
interfacial tension. Additionally, self diffusion coefficients for the selected metal species in each
experimental solution were measured, and the distribution coefficient for the metal partitioning between
phases was determined.

At the completion of this work, the INL has determined the mass transfer coefficient and a velocity
profile for drops rising by buoyancy through a continuous medium under a specific set of experimental
conditions. Additionally, a complete set of experimentally determined fluid properties has been obtained.
All data will be provided to LANL to support the modeling effort.



Fundamental Drop Dynamics and Mass Transfer Experiments to Support Solvent Extraction

Modeling Efforts

iv September 30, 2011
CONTENTS

SUMMARYY .ottt ettt ettt ettt et e bt e st e be s st e st e ese e st enseeseensesseentenseeseentenseensenseeneenseeneensennas il
ACRONYMS ettt ettt b et e bt e a et e bt e et et e bt et e st e eae et e eheemee bt eneentesbeeneenteeneensens vi
1. INTRODUCGTION ..ottt ettt ettt ettt et e et e et et e st estessesseenseseeseenseeseensensesseensensesneansas 1
2. EXPERIMENTAL ...ttt ettt ettt ettt et e st e ese et e e seens e beeseensesseensesseennas 1
2.1 Fluids Property MeEasUrEmeNt ..........ccceeiuieiiiiieeiienieesteeeite ettt et e st e sttt eeeesbeeseeesaeesaeeens 1

2101 DBNSIEY .ttt et b e bt e a b et et e e bt e sbeesaeesaeeea 2

2.1.2  VISCOSILY tevviriiieiieiieiiesitestesteeteeteesteesteesstesssessseasseessaesssesssessseesseenseesseesseesssesssennsenns 2

2.1.3  Self Diffusion COeffiCIONt .......cooeiiiiiiieiiiie et 2

2.1.4  Interfacial/Surface TeNSION ........cceeouieiiiiiieiiecieee ettt ettt e 2

2.1.5  Distribution COCTTICIENTt ......eevvieriiiiieiieieesiecte ettt sresre b e e s e esseeseeesenessseesseens 2

2.2 Drop Contact EXPerimeNnts........c.ceeuieiierieeriieiiieiieeie et estte et ete ettt e sttesetesateeteesseesaeesaeesaneens 3

2.2.1  EXPerimental APPATatUs........cceeeveeeveerreerieesreeseresreereaseesseesseesssessesssessseessessssessesssenns 3

2.2.2  Experimental ProCEAUIC...........coverieriieiieiieiieieste sttt e aesvessbeereesreeseeesene e 3

3. RESULTS AND DISCUSSION ... .ottt sttt ettt ettt esaeseeesaesesseessessesseessensesssensesseenees 4
TR O o 0116 B 5 (00 1S) 4 3 (<L OO USRT 4

3.1.1  Density and VISCOSILY ...ueeeuiieiieriieriieriiestie et ete ettt e siee st e ssee et eee et e bt e sbeesaeeenreenae e 4

3.1.2  Diffusion COCTTICIENT .. ..eccvieriieiiiiieiieitesite st ete ettt e b e sre b e eseeseesseeseseesseenseens 5

3.1.3  Interfacial/Surface TeNSION .........cccuervvieriierierieeie ettt ere et seaesnbeesre s 5

3.1.4  Distribution COSTTICIENE ......couiiiiiiriieiiiiit ettt ettt e 6

3.2 Drop Contact Experimental ReSULLS.........ccoeriiiiiiiiiiieieee et 6

3.2.1 Drop Size and Deformation ..........ccccoceeieririenininiiinenteeseeeseetee e 7

3.2.2  VRIOCIEY tiiuiiiiiieit ettt sttt ettt sttt e b e et e et e e tbessbeesbe e bt estbeeebeesbeenbeetaenaaeerbeenreans 8

3.2.3  Mass Transfer COefTiCIeNnt........ccvivviiriieiieiiecie ettt eve e s 10

4. CONC CLUSTON ...ttt ettt ettt ettt ettt e sreestesbesteessesseeseessansesssensesseansensesssensensesssensenseenss 13
ACKNOWLEDGMENTS ...ttt ettt sttt et ettt st et e s bt e e e stesseeneesseeseenseeneensesneeneas 14

REFERENCES ...ttt ettt ettt et sttt e et s bt eae e nesaeemnesneeanes 15



Fundamental Drop Dynamics and Mass Transfer Experiments to Support Solvent Extraction
Modeling Efforts

September 30, 2011 v
FIGURES
Figure 1. EXperimental apParatls ........cccovieiieeitiiiieitie sttt ettt ettt et ettt et esatesateeateeateebeenbeenas 3
Figure 2. Single drop EXperiment...........ceecvieirieriieriieiieeieeie et eseeseesresreeseesseessaessaesssesssessseessessseessessseenses 3
Figure 3. YHrium diStribUtION ........coiiiiiiiiiie ettt ettt st sttt et b e sbe e 6
Figure 4. Drop defOrmmation ............oiouieiuiiriieiie ettt ettt ettt se et e e bt e sbeesateeateeaeeeabeenbeenbeennes 7
Figure 5. DiStance PrOTIle ........ccuveciierieiieiie ettt ettt e et teestaestaessaessseesseessaesssesssessseenseenseensns 9
Figure 6. VEIOCILY PIOfIle.......eciiiiiieiiecie ettt ettt ettt ettt e s s e esbe e e e staessaessnesssesnseenseenseenses 9
Figure 7. Concentration in the organic drop as a function of time ...........ccccceevieiiiiiiieiienenc e, 11
Figure 8. Mass transfer coefficient as a function of time..........ccceeveeveiiriiierieeniesiece e 12
TABLES
Table 1. Density and VISCOSIEY ....cccuierieeriertieiteeitt et et e et e site ettt et e sttesateeateeateebeesaeesstesaseentesaseenseeseenseenes 4
Table 2. Diffusion coefficients for yttrium in extraction SOIUtIONS...........cccceeviiriiiiiieriienieee e 5
Table 3. SUITACE tENSION.......eeiuiieieiieti ettt ettt ettt ettt s et e st e esee b e ese e e e ebe e e e steeseenseeteeneenneeneenes 5
Table 4. INterfacial tENSION ......oo.iiiiieieieeeee ettt ettt ee et et e e et e et e es e e e steeneenseeaeenes 5
I To) SR T B ) o 3 U/ OSSPSR 7
Table 6. DiStance and VEIOCILY ........oeuieiiieiieiieeie ettt et e st e st e sateeabeebeebeesbeennes 8
Table 7. Drop contact eXperimental data ...........c..cceerieiiiiiiieriiesienee e ereesieeseesresereesbeesseessaesssesssessseenses 10

Table 8. Mass transfer coefficient calculation parameters...........cceceeveeriieesieenienieeie et 12



Fundamental Drop Dynamics and Mass Transfer Experiments to Support Solvent Extraction

Modeling Efforts

vi September 30, 2011
ACRONYMS

AMUSE  Argonne Model for Universal Solvent Extraction

CMPO octyl(phenyl)-N, N-dibutyl carbamoylmethyl phosphine oxide

HEDPA  1-hydroxyethane-1, 1-diphosphonic acid

ICP-MS  Inductive Coupling Plasma-Mass Spectroscopy

INL Idaho National Laboratory

LANL Los Alamos National Laboratory

LLE Liquid-Liquid Extraction

OECM Open End Capillary Method

NEAMS  Nuclear Energy Advanced Modeling and Simulation

SafeSep  Safeguards and Separations

TBP Tributylphosphate

TRUEX

TRansUranic EXtraction



Fundamental Drop Dynamics and Mass Transfer Experiments to Support Solvent Extraction
Modeling Efforts
September 30, 2011 1

FUEL CYCLE RESEARCH AND
DEVELOPMENT/SEPARATIONS AND WASTE FORMS
FUNDAMENTAL DROP DYNAMICS AND MASS
TRANSFER EXPERIMENTS TO SUPPORT SOLVENT
EXTRACTION MODELING EFFORTS

1. INTRODUCTION

In support of the NEAMS SafeSep modeling effort, the INL worked in collaboration with LANL to
further develop accurate simulations of the effects of drop dynamics on mass transfer in two phase LLE
systems. Understanding the association of drop dynamics to mass transfer is of great importance in LLE
processes. Drop scale experiments and simulations improve understanding of mass transfer at the drop
interface. This understanding can be extended to support modeling of larger LLE equipment such as
mixer settlers, pulse columns, and centrifugal contactors.

The work performed at the INL involved gathering necessary experimental data to support the modeling
effort. A custom experimental apparatus was designed and built for performing drop contact experiments
to measure mass transfer rates. Experiments were performed using solutions common to the TRans
Uranic EXtraction (TRUEX) process. The TRUEX process was selected because it is one of the solvent
extraction systems currently proposed for the separation of actinides and lanthanides from used nuclear
fuel, it is a diffusion limited process, and testing could be performed using non-radioactive surrogate
metal species. In addition to mass transfer rates, the physical properties of each fluid were measured for
use as input data for the model.

2. EXPERIMENTAL

2.1 Fluids Property Measurement

The drop contact experiment was conducted with solutions used in the extraction section of the TRUEX
process. The extraction section of the TRUEX process involves transfer of one or more metal species
from an acidic aqueous solution into an organic solvent. The TRUEX solvent is comprised of 0.2 M
octyl(phenyl)-N, N-dibutyl carbamoylmethyl phosphine oxide (CMPO) and 1.4 M tributylphosphate
(TBP) in an Isopar-L diluent. The aqueous solution is 3 M nitric acid loaded with an extractable metal
species. Prior to performing the drop contact experiment, the organic solution was pre-equilibrated with 3
M nitric acid to ensure the H" concentration in the organic solvent was in equilibrium with the aqueous
solution so only metal species mass transfer occurred during experimentation.

In addition to measuring the fluid properties of the extraction fluids described above, the fluid properties
of solutions used in the strip section of the TRUEX process were also measured. While the drop contact
experiment discussed in this report used the TRUEX extraction fluids, the strip solution properties were
measured to support potential future work. The TRUEX strip section involves transfer of metals from the
organic solvent to an aqueous strip solution. The aqueous strip solution evaluated is 0.005 M 1-
hydroxyethane-1, 1-diphosphonic acid (HEDPA) in 0.1 M nitric acid. The organic solvent is the same as
described above, except that it is pre-equilibrated with 0.1 M nitric acid, rather than 3 M nitric acid, and
loaded with the extractable metal species.
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Cerium and yttrium were chosen as the extractable metal species. Cerium was chosen as the lanthanide
representative for metals present in the actual TRUEX process. Yttrium, also an element present in used
nuclear fuel, was chosen because it was predicted to have a lower distribution coefficient between the two
extraction solutions and could be used to compare the effects of distribution coefficient on mass transfer
rates for modeling purposes.

211 Density

Densities were measured using a Mettler Toledo analytical balance. To provide statistical data, a
minimum of three measurements were taken for each fluid.

2.1.2 \Viscosity
Viscosity was measured using a Cambridge Applied Systems Viscometer.
21.3 Self Diffusion Coefficient

Self diffusion coefficients were measured using the open end capillary method (OECM).'? This method
involves filling volume calibrated capillaries of length L with a solution containing a known
concentration of metal spiked with a radiotracer isotope of the same metal. The filled capillary is
contacted with a solution of the same composition excluding the radioisotope. The amount of
radioactivity diffused from the capillary to the non-radioactive solution is measured as a function of time.
By solving Fick’s equation, the diffusion coefficient (D) can be related to amount of activity transferred
out of the capillary as follows:

Clat)  wo 2
Colzd) TP 0pzian+1)

. 4 D
exp |—m2(2n+ 1) 4;:] Equation 1
where t is time, C(x, t) is the concentration of radioisotope in the capillary at time t, and

Cg(x,0)is the initial concentration of radioisotope in the capillary at time 0.

214 Interfacial/Surface Tension

Interfacial and surface tension measurements were performed through a subcontract with University of
Idaho. Surface tension was measured by both the Wilhelmy Plate method and the drop-weight method,
while interfacial tension measurements were performed by the drop-weight method only.

215 Distribution Coefficient

The distribution coefficient was obtained by performing a series of batch contacts with varying initial
concentrations of metal in the aqueous phase. Equal volumes of aqueous and organic solutions were
mixed at ambient temperature for a period of time sufficient to achieve equilibrium. The mixture was
then centrifuged to ensure complete phase disengagement. Samples of each phase were taken, and the
resulting concentrations were determined by inductive coupling plasma-mass spectroscopy (ICP-MS).
The data was plotted and fit by linear regression to obtain a value for the distribution coefficient (m),
defined as:

m=—_— Equation 2

where (g 15 the organic phase metal concentration at equilibrium, and C4g . is the aqueous phase
metal concentration at equilibrium.
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2.2 Drop Contact Experiments

221 Experimental Apparatus

Figure 1 shows the custom apparatus that was designed and
built for drop contact experiments. The apparatus is similar
in design to vessels used for drop contact experiments found
in literature.” The vessel was constructed from quartz glass
to eliminate distortions while imaging rising drops with a
high speed digital camera. The glass portion of the vessel is
rectangular with dimensions of 51 mm x 51 mm x 380 mm,
and holds approximately 1 liter of solution. The glass is
attached to a machined stainless steel base plate that allows
for ease of needle change out. During experimentation,
organic drops were introduced into aqueous media via the
needle assembly. Needle orifice size can be varied to
achieve multiple drop diameters. The needle height is
adjustable to control drop rise time. The tapered organic
collection chamber was designed to minimize the contact
time between the two phases during drop coalescence and to
enable ease of sampling. A metering pump (FMI Metering
Inc., Model: RHV-1) and controller (FMI Metering Inc.,
Model V200) were used to regulate organic flow rate to

provide consistency in drop size.

Figure 1. Experimental apparatus

2.2.2 Experimental Procedure

Drop contact experiments were performed by filling the apparatus
with aqueous solution and pumping organic solution through the
needle assembly. Drops formed at the needle orifice, and then
buoyancy forces caused the drops to rise to the top of the vessel
where they coalesced in the organic collection chamber. To
determine the mass transfer coefficient as a function of rise time, an
experiment consisted of six runs with six different needle heights. At
the end of each run, organic and aqueous samples were collected and
analyzed by ICP-MS. Drop size, contact time, and drop velocity were
evaluated using a high speed digital camera (Phantom, V7.3, Model:
VRI-V7.1-4096MC). The experiment was performed as a “single
drop” experiment, meaning that the organic flow rate was set such
that each drop was introduced into the aqueous phase with sufficient
spacing to avoid drop interaction. Figure 2 shows a visual
representation of a single drop experiment. In order to have sufficient
organic volume for analysis, multiple drops coalesced in the organic
collection chamber. Organic sample was collected from the chamber
using a syringe and needle. The interface height was kept constant by
withdrawing the organic sample as the experiment progressed. A
constant interface height maintained a constant drop rise distance,
thereby maintaining a constant rise time for each needle height.

Figure 2. Single drop efgperiment
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3. RESULTS AND DISCUSSION

3.1 Fluid Properties
3.11 Density and Viscosity

The measured densities and viscosities of the various fluids are summarized in Table 1. The first four
entries in the table are measurements of the TRUEX extraction and strip section solutions with no metals
present. Additionally, measurements were performed on 3 M nitric acid containing Y, 3 M nitric acid
containing Ce, and TRUEX pre-equilibrated with 0.1 M nitric acid containing Ce. These solutions were
selected for measurement because they are the proposed metal containing starting solutions for Y
extraction, Ce extraction, and Ce strip drop contact experiments, respectively.

Table 1. Density and viscosity

Solution Density (g/mL) Viscosity (cP)
\Tvigg)l( 1i/fﬁ:}—;;\c;(gi}librated 0.874 + 0.008 3935 £ 0294
@ﬁﬁ?ﬁ;‘;@jﬂibramd 0.894 = 0.008 3.817+0.172
3 M HNO; 1.116 = 0.002 1.220+0.012
?1;05 ? ﬁﬁﬁ%ﬁf* 1.010 + 0.004 0.986 + 0.003
i%llgf(;& Ce 1.114 + 0.006 1.101  0.007
iﬁ%ﬁ?jgm 1.105 £ 0.003 1.110 + 0.006
;Erg-g/c{néi:rated TRUEX with 0.878 £ 0.001 5917 4 0.004

*TRUEX was pre-equilibrated with 0.1 M nitric acid, and then was contacted with an equal volume of 0.1
M nitric acid containing 1.5 g/L cerium. The resulting concentration in the TRUEX was 0.70 g/L Ce.

The measured density and viscosity values are consistent with expected results. The viscosities of the 3
M nitric acid solutions are slightly higher than the viscosity of pure water (1.002 cP at 20 °C)’, while the
viscosity of the strip solution is slightly less. As expected, the densities of all aqueous solutions are
slightly greater than the density of pure water (0.99821 g/mL at 20 °C)’. The densities of the TRUEX
solutions are slightly higher than the densities of both Isopar-L (0.77 g/mL at 20 °C)* and TBP (0.812
g/mL at 20 °C)’, but this is expected due to the addition of CMPO and the nitric acid used for pre-
equilibration. Comparing the results for the three TRUEX solutions, it appears that the acid concentration
used for pre-equilibration has a significant impact on density, with higher acid concentration equating to a
higher density; meanwhile the addition of metal had little effect. The measured viscosities for the organic
solutions are higher than the value of 1.6 cP® reported for Isopar-L, but again this is likely due to the
presence of TBP, CMPO, and nitric acid in the solution. In addition to a higher density, an increase in
acid concentration also resulted in a higher viscosity. However, unlike density results, the presence of
metal appears to have a significant impact on viscosity, resulting in a considerably lower viscosity value.
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3.1.2 Diffusion Coefficient

Diffusion coefficient results are shown in Table 2. The work completed in FY-11 only included diffusion
coefficients for Y diffusion in the extraction solutions (3 M nitric acid and TRUEX pre-equilibrated with
3 M nitric acid). Y*®* was used as the radioisotope for this work.

Table 2. Diffusion coefficients for yttrium in extraction solutions
Diffusion Coefficient

Solution

(107 cm?/s)
TRUEX Pre-equilibrated
with 3M HNO, 4.0£06
3 M HNO, 28403

The aqueous diffusion coefficient compares well to reported data. Latrous and Oliver found self diffusion
coefficients of approximately 6.0 x 10 cm?/s in a study of self diffusion coefficients for actinide metals
in acidic aqueous solutions." The yttrium diffusion coefficient in 3 M nitric acid is slightly higher than
their reported results; however, this is expected due to the smaller molecular size of yttrium relative to the
actinides. No information was found for comparison to the diffusion coefficient for yttrium in the organic
solution.

3.1.3 Interfacial/Surface Tension

Results for surface tension are reported in Table 3, and results for interfacial tension are reported in Table
4. Surface tension measurements were performed on extraction and strip section solutions, and interfacial
tensions were performed on the extraction and strip section solvent pairs. It was predicted that the
presence of metals, in the concentrations used for drop contact experiments, would not have a significant
impact on surface tension and interfacial tension values; therefore, measurements were not performed on
solutions with metal.

Table 3. Surface tension

Solution Wil}(l;llr\lll/};nl;late Drop-Weight (mN/m)
TRUEX pre-equilibrated with 3 M HNO; 259+0.1 334+09
TRUEX pre-equilibrated with 0.1 M HNO; 252+1.0 35.0+0.8
0.005M HEDPA in 0.1 M HNO; 71.0+0.4 72.7+4.0
3 M HNO; 62.3+3.2 72.2+0.7
Table 4. Interfacial tension
Aqueous Solvent Organic Solvent Interfacial Tension (mN/m)

TRUEX pre-equilibrated
with 3 M HNO;

0.005 M HEDPA TRUEX pre-equilibrated

3 M HNO; 13.2+0.6

10.2+£0.2
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The results of surface tension measurements compare favorably to reported values for similar solutions.
The surface tension of pure water is reported as 72.75 mN/m at 20 °C’. This is comparable to the
measured values for the aqueous solutions, with surface tension values ranging from 62.3 mN/m to 72.7
mN/m. The surface tension for Isopar-L is reported as 25.9 mN/m®, similar to the measured TRUEX
solutions which have surface tensions ranging from 25.2 mN/m to 35.0 mN/m.

Unlike surface tension results, the interfacial tension measurements are considerably lower than the
reported values for similar solvent pairs. Goebel and Lunkenhaimer reported interfacial tension for
water/n-alkane systems with values ranging from 50.9 mN/m to 55.2 mN/m’. The TRUEX extraction and
strip section solvent pairs have interfacial tension values of 10.2 mN/m and 13.2 mN/m; respectively.
This result indicates that the addition of nitric acid, TBP and/or CMPO causes a significant decrease in
interfacial tension relative to similar solvent pairs with no additives.

314 Distribution Coefficient

A plot of the distribution coefficient data for
yttrium partitioning between 3 M nitric acid and
TRUEX pre-equilibrated with 3 M nitric acid is
shown in Figure 3. By design, drop contact
experiments were conducted with dilute metal
solutions that fell within the linear region of the
equilibrium distribution curve. Yttrium was
chosen for the drop contact experiment based on
the equilibrium distribution coefficient predicted
using the Argonne Model for Universal Solvent
Extraction (AMUSE) code. The AMUSE code
was developed by Argonne National Laboratory
and is used to calculate concentration profiles
and distribution coefficients for numerous metal
and non-metal species for defined nuclear
reprocessing solvent extraction flowsheets. The
distribution coefficient predicted by AMUSE
was 3.34. This is in good agreement to the
measured value of 2.98.

0.50

0.45 »

0.40
0.35

e y=298x
0.30 :

€ R=096
0.25
0.20 &
0.15
0.10 *
0.05

Organic Concentration, C, ,, (g/L)

0.00 : : :
0.00 0.05 0.10 0.15 0.20

Aqueous Phase Concentration, C, ., (g¢'L)

Figure 3. Yttrium distribution

3.2 Drop Contact Experimental Results

The mass transfer coefficient and velocity profile for yttrium under TRUEX extraction conditions were
measured using the custom experimental apparatus. For this experiment, the aqueous solution was
prepared with an initial yttrium concentration of 0.061 g/L, while the organic solution initially contained
no metal. The organic solution was introduced into the apparatus at a flowrate of approximately 1.7
mL/min through a needle orifice 0.82 mm in diameter. Samples of the organic drops were collected after
each run and analyzed by ICP-MS to determine yttrium concentration. The yttrium concentration was
then used to calculate the mass transfer coefficient as a function of time.
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3.21 Drop Size and Deformation

Drop diameter was determined using the high speed camera by Time (s) Shape
comparing the number of pixels within an image of a drop to a

reference distance. All needles were marked with 3 mm incremental

markings for use as the reference distance. A single frame on the high

speed camera was used to measure the pixel distance between the 0.150
markings, giving a measure of distance per pixel. Then the pixels

within a drop were measured, and the drop size was calculated. Three

drops at each needle height were measured at various times.

Measurements were taken vertically and horizontally to provide

measurements of each axis. There were no significant differences in

drop size at the different needle heights, so an average drop size value 0.125
as a function of time is reported.

The drop size measurements are presented in Table 5, and Figure 4

illustrates the deformation of the drops as a function of rise time.

Figure 4 shows a period of slight oscillation until approximately 0.125

s. The data in Table 5 indicate that drops do not change shape 0.100
considerably after 0.2 s.

Table 5. Drop size
Horizontal Diameter

Vertical Diameter

Time (s
() (mm) (mm)
0.050 3.05+0.12 3.16+0.14 0.075
0.100 3.4240.18 29140.16
0.150 3524021 277 +0.09
0.200 3.61+0.24 270 + 0.09 0,050
0.250 3.64+0.22 2.69 +0.09
0.300 3.67+0.22 2.63+0.07
0.350 3.58 + 0.29 2.63 +0.08
0.025

For the purposes of calculating the mass transfer coefficient, the
horizontal and vertical diameters were determined by averaging the
measurements taken after 0.2 s. The average values for the horizontal
and vertical diameters are 3.62 mm and 2.66 mm, respectively.

The volume and surface area of the drops were calculated under the
assumption that the drops take the shape of an oblate ellipsoid. The 0.000
equatorial radii (along the x and y axes) are assumed to equal the
average horizontal radius, while the polar radius (along the z axis) is
equal to the average vertical radius.

Figure 4. Drop deformation
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Based on the assumption of an oblate ellipsoid, the volume of a drop is calculated per Equation 3 and the
surface area is calculated by Equations 4 and 5:

Vo = 4mabc Equation 3
2 2 rzrctrznhlisin':ﬂ:}] .

A=2m (a +c T) Equation 4
C .

& = arccos (;) Equation 5

where a and b are the equatorial radii, and c is the polar radius. Performing the calculations, results in a
surface area of 34.2 mm’ and a volume of 18.3 mm’.

3.2.2 Velocity

The velocity profile of the drops was determined by measuring drop distance from the needle as a
function of time. Three drops were measured at each needle height. The distance was measured every
0.01 s for the first 0.05 s and every 0.05 s thereafter. The drop distance vs. time data were input into the
statistical software TableCurve®, from Jandel Scientific, which used the data to calculate the velocity
profile. Results are presented in Table 6. Distance and velocity profile variations between needle heights
were very small; therefore, the data are presented as an average value for all needle heights. The distance
and velocity profiles are shown graphically in Figures 5 and 6; respectively. Figure 6 shows that the
drops approach a maximum velocity of approximately 120 mm/s around 0.2 s, which is also the
approximate time when the drop shape stabilizes.

Table 6. Distance and velocity

Time (s) Distance Velocity
Traveled (mm) (mm/s)
0.000 1.3+0.1 0.0
0.010 1.9+0.1 43.0
0.020 23+£0.2 42.7
0.030 2.8+0.1 49.6
0.040 33+£0.2 59.8
0.050 4.0+0.2 70.0
0.100 83+0.2 97.3
0.150 13.5+0.3 109.4
0.200 19.2+£0.5 118.1
0.250 253+0.6 123.6
0.300 31.5+0.6 125.1

0.350 37.7+£0.5 122.0
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The experimentally determined velocity profile does not compare well to preliminary output of the LANL
model. The experiment was designed to introduce drops into the apparatus with as little velocity as
possible, allowing drops to rise entirely by buoyancy. Drops rising by buoyancy will start at a velocity of
zero and accelerate to approach a terminal velocity where the force of buoyancy is balanced by drag
forces. This type of profile was predicted by the LANL model and was observed experimentally.
However, the terminal velocity measured in the experiment was approximately 120 mm/s, while the
model predicts a value of only 90 mm/s. One area where the model and experimental data agree is that
both approach terminal velocity at approximately 0.2 s.

One possible explanation for the disagreement between model predictions and experimental data can be
found in results reported by Wegener et al. in a study that evaluated mass transfer and velocity profiles of
single drops in a toluene/acetone/water system. Wegener et al. found that drops larger than 2 mm in
diameter accelerated to pseudo-terminal velocities within approximately 0.5 s, and then slowed to lower
final velocities due to increasing drag forces caused by drop deformation. The reduction in velocity did
not occur until after 1 s of rise time. Since the current study only evaluated velocity up to 0.4 s, it is
possible that only a pseudo terminal velocity was observed experimentally.

3.2.3 Mass Transfer Coefficient

Table 7 shows concentration results and rise times obtained during the drop contact experiment. The
concentration of the aqueous phase was measured before and after each run to validate the assumption of
constant aqueous phase concentration. Rise time was measured by multiplying the frame rate of the high
speed camera by the number of frames that elapsed between the drop disengaging from the needle and
reaching the neck of the organic collection funnel. This was measured for 4 drops per needle height. The
average rise time is reported.

Table 7. Drop contact experimental data

Needle . ' Initial Aque.ous Final Aquegus Organic‘
Height Rise Time (s) Concentration Concentration Concentration
(gL) (gL) (€49)

1 0.213 +0.001 0.0606 0.0638 0.0037

2 0.562 £ 0.003 0.0588 0.0581 0.0066

3 1.148 £ 0.090 0.0635 0.0625 0.0094

4 1.515+£0.021 0.0641 0.0561 0.0130

5 1.942 £0.018 0.0573 0.0609 0.0168

6 2.490+0.021 0.0618 0.0597 0.0195

Assumptions made for calculating the mass transfer coefficient are constant aqueous phase volume,
negligible species concentration gradient in the aqueous phase, and constant drop size between needle
heights. The aqueous phase volume was held constant by design throughout the experiment. The ICP-
MS aqueous phase concentration data, shown in Table 7, validate the assumption of negligible species
concentration gradient in the aqueous phase. The assumption of constant drop size was confirmed by
performing measurements of drops at different needle heights using the high speed digital camera. The
governing equations for calculating the mass transfer coefficient are those for the equilibrium of the
species between phases (Equation 6) and accumulation of the species in the organic phase (Equation 7).

Coeqg =mlyg Equation 6
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fCp KA .
a—: = U_D{CDJEI? -C,) Equation 7
where C is concentration, m is distribution coefficient, k is mass transfer coefficient, V is volume, A is
interfacial surface area, and t is time. The subscripts o, aq, and eq represent organic, aqueous, and
equilibrium conditions, respectively. Substitution of Equation 6 into Equation 7, and solving for k results
in Equation 8&:

(52w

=" Equation 8
AlmCag—Co)

. . . . . . &
To determine the accumulation of metal in the organic phase as a function of time (a—:) and to express

Co as a function of time, a plot of organic concentration vs. time was prepared. This plot is shown in
Figure 7.
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Figure 7. Concentration in the organic drop as a function of time

. . . . dC . .
The linearity of the plot indicates that the accumulation rate (a_::] of metal in the organic drop was

constant with time, with a value of 0.007 g/L-s.

The organic concentration as a function of time is expressed by Equation 9. The y-intercept is excluded
from the function to correct for mass transfer that occurred during drop formation and coalescence. This
correction results in a boundary condition of Co = 0 at t = 0, where t = 0 is defined as the time when the

drop disengages from the needle.

Cp = 0.007 ﬁ ©t Equation 9

Equation 8 can now be simplified to express the mass transfer rate as a function of time by inputting the
experimentally determined values for all parameters and substituting Equation 9 for Co. The constants
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used in the equation are summarized in Table 8. The value for C,, is the average value for all initial and
final aqueous phase samples measured by ICP-MS found in Table 7.

Table 8. Mass transfer coefficient calculation parameters

Parameter Value
E’&? 0.007 g/L-s
Vo 18.3 mm’
A 34.2 mm’
m 2.98
Caq 0.0606 g/L

Inputting the values and rearranging, the equation becomes:

e Equation 10
T (1-0.039¢) quation
where time (t) is in seconds, and & has units of mm/s.
A plot of k vs. time is presented in Figure 8.
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Figure 8. Mass transfer coefficient as a function of time
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The inverse of the mass transfer coefficient (1/k) is used to account for the resistance to mass transfer.
The driving force for mass transfer is the concentration difference between the concentration in the drop
and the concentration in the drop that would be in equilibrium with the concentration in the aqueous
phase (mCaq-Co). An increase in the resistance to mass transfer is expected as the concentration in the
drop approaches equilibrium, corresponding to a decrease of the mass transfer coefficient. Therefore, the
expected trend is a mass transfer coefficient that decreases with time as metal is transferred to the drop.
However, this trend was not observed. The mass transfer coefficient appears to increase linearly with
time.

The most likely reason that the mass transfer coefficient did not follow the expected trend is that the
actual concentration in the organic drop was significantly below the concentration that would be in
equilibrium with the aqueous phase (mC,>>C), meaning that the system was far from achieving
equilibrium. A system that is far from equilibrium could behave as if the concentration in the organic
phase is negligible. If the assumption is made that Cg is approximately zero, then the mass transfer rate
becomes constant with a calculated value of k = 0.021 mm/s.

4. CONCLUSION

At the completion of this project, the INL has gathered a complete set of experimentally determined fluid
parameters that can be used as input data into the model being developed at LANL. The fluid properties
of density, viscosity, surface tension, and interfacial tension were measured. With the exception of
interfacial tension, measured values compare favorably to reported values of similar solutions. The
interfacial tension is believed to be relatively low due to additives, such as CMPO and nitric acid, in the
TRUEX solvent pairs. Diffusion coefficients for yttrium in TRUEX extraction section solvents were
measured. While there was no data available for comparison to the organic phase diffusion coefficient,
the aqueous phase diffusion coefficients matched well with reported values for similar solutes in acidic
aqueous solutions. The distribution coefficient for yttrium partitioning between 3 M nitric acid and
TRUEX solvent pre-equilibrated with 3 M nitric acid was measured and found to be in good agreement
with the estimated value predicted using the AMUSE modeling code.

A drop contact experiment using a custom designed experimental apparatus was also completed. The
experiment examined the yttrium transferring between TRUEX extraction solutions. Results indicate that
at the conditions tested, the accumulation of metal in the organic drop was constant at a rate of 0.007 g/L-
s. The system was far from achieving equilibrium, resulting in a constant mass transfer coefficient of k =
0.021 mm/s.

There are several opportunities for future work associated with this project. Experiments evaluating the
velocity profile of a rising drop for an extended time period would be useful to compare experimental
results to model predictions. Multiple drop sizes could be tested to determine the impacts of drop size on
drop deformation, drop velocity, and mass transfer rate. Altering experiments to test a system closer to
equilibrium would be of interest to better define the relationship between contact time and mass transfer
coefficient. And finally, experiments performed with cerium would provide values for mass transfer
coefficients that are representative of mass transfer observed in actual TRUEX processing, and would be
useful is assessing how varying distribution coefficients affect mass transfer rates.
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